Objective: This study examined volatile anesthetic-mediated protection against intestinal ischemia-reperfusion injury (IRI). Background: Intestinal IRI is a devastating complication in the perioperative period leading to systemic inflammation and multiorgan dysfunction. Volatile anesthetics, including isoflurane, have anti-inflammatory effects. We aimed to determine whether isoflurane, given after intestinal ischemia, protects against intestinal IRI and the mechanisms involved in this protection. Methods: After IACUC approval, mice were anesthetized with pentobarbital and subjected to 30 minutes of superior mesenteric artery ischemia, followed by 4 hours of equianesthetic doses of pentobarbital or isoflurane. Five hours after reperfusion, small intestine tissues were analyzed for morphological injury, apoptosis, neutrophil infiltration, proinflammatory mRNAs, and TGF-(Transforming Growth Factor-)β1 levels. We also assessed hepatic and renal injury after intestinal IRI. Results: Intestinal IRI with pentobarbital led to significant small intestinal dysfunction with increased mucosal injury, TUNEL (transferase biotin-dUTP nick end-labeling)-positive cells, neutrophil infiltration, and proinflammatory mRNAs as well as elevated plasma alanine aminotransferase and creatinine levels. Isoflurane exposure after IRI led to significant attenuation of intestinal, hepatic, and renal injuries. Furthermore, the protective effects of isoflurane were abolished by treatment with a TGF-β1 neutralizing antibody before induction of IRI. Finally, isoflurane exposure led to increased TGF-β1 levels in intestinal epithelial cells and in plasma. Conclusions: Our findings demonstrate that isoflurane post-conditioning protects against small intestinal injury and hepatic and renal dysfunction after severe intestinal IRI via induction of intestinal epithelial TGF-β1. Our findings support therapeutic applications of volatile anesthetics during the intraoperative and postoperative periods and imply an important role of TGF-β1 signaling in modulating multiorgan injury. (Ann Surg 2012;255:492-503) I ntestinal ischemia-reperfusion injury (IRI) is a major and frequent clinical problem in perioperative settings such as vascular surgery, 1 trauma, 2 and liver 3 and intestinal 4 transplantation. In addition, acute mesenteric ischemia is a dire surgical emergency with a mortality rate approaching 60% to 90%. 5 Intestinal IRI leads to intestinal epithelial barrier dysfunction with increased permeability and bacterial translocation. In addition, the intestine has been proposed as the source of proinflammatory cytokines that can lead to the development of the From the Respective anticipated RT-PCR product size, PCR cycle number for linear amplification, and annealing temperatures used for each primer are also provided. bp indicates base pairs.
systemic inflammatory response syndrome and sepsis with subsequent multiorgan failure. 6 Volatile anesthetics are ubiquitously administered in the perioperative period as an essential part of general anesthesia. In addition to their anesthetic effects, volatile anesthetics may be antiinflammatory and cytoprotective but their role in intestinal IRI has never been explored. We have previously demonstrated that volatile anesthetics reduce renal proximal tubule cell necrosis in vitro 7 and protect against renal IRI in vivo 8 by release of TGF (transforming growth factor)-β1, 9, 10 a potent anti-inflammatory and antiapoptotic molecule. 11 In this study, we questioned whether isoflurane, the most commonly used volatile anesthetic, would protect mice against small intestinal injury and multiorgan dysfunction after intestinal IRI. We hypothesized that isoflurane increases release of TGF-β1 in the small intestine to protect against intestinal IRI. We demonstrate that isoflurane reduced small intestinal mucosal injury, apoptosis, proinflammatory mRNA upregulation, and neutrophil infiltration and injury to the liver and kidney via induction of intestinal TGF-β1.
MATERIALS AND METHODS

Materials
Isoflurane
[2-chloro-2-(difluoromethoxy)-1,1,1-trifluoroethane] was purchased from Abbott Laboratories (North Chicago, IL). Unless otherwise specified, all other reagents were purchased from Sigma (St Louis, MO).
Murine Model of Intestinal IRI
All animal protocols were approved by the IACUC of Columbia University (New York, NY). Male C57BL/6 mice (Harlan, Indianapolis, IN; 20 to 25 g) were initially anesthetized with intraperitoneal pentobarbital (Henry Schein Veterinary Co, Indianapolis, IN; 50 mg/kg body weight, or to effect) and after laparotomy, the superior mesenteric artery (SMA) was identified and clamped with a microaneurysm clip for 30 minutes. After unclamping of the SMA, intraperitoneal administration of 0.5 mL warm saline and abdominal closure, the mice were then exposed to an additional 4 hours of equipotent doses of either pentobarbital via intermittent intraperitoneal administration or 1 minimum alveolar concentration (MAC, defined as the concentration of volatile anesthetic in the lungs that is needed to prevent movement in 50% of subjects in response to a painful stimulus) of isoflurane (1.2%) as described previously. 8 Briefly, mice were placed in an airtight 10-L chamber on a warming blanket with inflow and outflow hoses located at the top and bottom of the chamber, respectively. Isoflurane was delivered in room air at 5 L/min using an agent-specific vaporizer (Datex-Ohmeda, Madison, WI). The vaporizer was set to maintain chamber concentration of isoflurane at 1.2% monitored by an infrared analyzer sampling gas at the outflow hose. The mice were placed on a heating pad under a warming light to maintain body temperature at approximately 37 • C. In pilot studies, we monitored the hemodynamic effects of anesthetics via a carotid artery catheter and found no significant differences in systemic arterial pressures between pentobarbital and isoflurane exposure.
To test the effects of TGF-β1 neutralization, a monoclonal TGF-β1 neutralizing antibody (MAB240; R&D Systems, Minneapolis, MN) or an isotype control antibody (mouse IgG 1 , MAB002; R&D Systems) was administered to mice 5 mg/kg intravenously 10 minutes before intestinal ischemia. Samples (including plasma and tissue) were collected 5 hours after sham operation or IRI.
Histological Analysis of Intestine, Liver, and Kidney Injury After Intestinal IRI
For histological preparations, small intestine (jejunum and ileum), kidney, and liver tissues collected from mice were washed in ice-cold PBS and fixed overnight in 10% formalin. After automated dehydration through a graded alcohol series, tissues were embedded in paraffin, sectioned at 5 microns and stained with hematoxylin and eosin (H&E). Intestinal H&E sections were graded for intestinal IRI-induced mucosal injury using the Chiu score. 12 Kidney H&E sections were graded for the severity (score: 0-3) of 4 components: (1) cortical tubular vacuolization, (2) peritubular leukocyte infiltration, (3) cortical tubular simplification, and (4) proximal tubule hypereosinophilia/single cell necrosis. The 4 components were added together to create a composite renal injury score (scale: 0-12). Liver H&E sections were given a semiquantitative score for the percent of hepatic parenchyma showing hepatocyte vacuolization by systematic evaluation of all 20X histologic fields encompassing the total crosssectional area of each specimen. All H&E sections were evaluated by a pathologist (V.D.D.) blinded to the samples.
Detection of Apoptosis After Intestinal IRI
Apoptosis was detected in the small intestine (jejunum and ileum), kidney, and liver with terminal deoxynucleotidyl transferase biotin-dUTP nick end-labeling (TUNEL) staining, as described previously. 13 In situ labeling of fragmented DNA was performed with TUNEL stain (green fluorescence) using a commercially available in situ cell death detection kit (Roche, Indianapolis, IN) according to the instructions provided by the manufacturer. TUNEL-positive cells per high-powered field (hpf, 400X) were counted to quantify apoptosis.
Assessment of Small Intestine Neutrophil Infiltration After IRI
Neutrophil infiltration in the small intestine after IRI was determined with immunohistochemistry as described previously. 14 with a monoclonal antibody against PMN (clone 7/4, AbD Serotec, Raleigh, NC). A primary antibody that recognized IgG 2a (MCA1212, AbD Serotec) was used as a negative isotype control in all experiments. Neutrophils per hpf were counted to quantify the degree of neutrophil infiltration.
Measurement of Proinflammatory mRNA Expression After Intestinal IRI
Renal, hepatic, and intestinal inflammation in mice were determined by measuring mRNA encoding markers of inflammation, including interleukin-17A (IL-17A), intercellular adhesion molecule 1 (ICAM-1), monocyte chemoattractive protein 1 (MCP-1), macrophage inflammatory protein 2 (MIP-2), and tumor necrosis factor-α (TNF-α) ( Table 1 ). Inflammation in cell culture (described later) was determined by measuring mRNA encoding the proinflammatory markers IL-8 and TNF-α (Table 1) . Semiquantitative real-time RT-PCR was performed as described. 9, 15 
Vascular Permeability of Small Intestine, Kidney, and Liver After Intestinal IRI
Changes in vascular permeability of the small intestine (jejunum and ileum), kidney, and liver were assessed by quantitating extravasation of Evans blue dye (EBD) into the tissue as described previously. 16 
Intestinal Epithelial Permeability After IRI
Intestinal epithelial permeability was assessed by enteral administration of FITC-dextran 4000 (200 mg/kg) 10 minutes before induction of intestinal IRI as described. 17
Plasma Alanine Aminotransferase Activity and Creatinine Levels After Intestinal IRI
Plasma alanine aminotransferase (ALT) activity and creatinine levels were measured using the Infinity ALT assay kit and an Compared with sham-operated mice exposed to pentobarbital (A), intestinal IRI followed by 4 hours of exposure to pentobarbital led to severe damage to the intestinal mucosa and sloughing of the villous tips (B, magnified in inset) and lifting of the epithelium from the lamina propria and the development of subepithelial Gruenhagen's spaces (C, inset shows Gruenhagen's space). In contrast, the intestines of mice exposed to 4 hours of 1.2% isoflurane after intestinal IRI were protected from severe injury (D). (E) Small intestinal histology was evaluated with Chiu scores (scale 0-5) in the jejunum and ileum after intestinal IRI with exposure to pentobarbital or isoflurane. Tissues were collected 5 hours after intestinal IRI. * P < 0.05 versus pentobarbital IRI group. Data presented as mean ± SEM. enzymatic creatinine reagent kit, respectively, according to the manufacturer's instructions (Thermo Fisher Scientific, Waltham, MA).
Cell Culture
Rat intestinal epithelial cells 18 (IEC-6, ATCC, Manassas, VA) were grown in DMEM high glucose with 10% fetal bovine serum (FBS), 40 μg/mL insulin, and antibiotics (100 U/mL penicillin G, 100 μg/mL streptomycin, and 0.25 μg/mL amphotericin B) (Invitrogen, Carlsbad, CA). Cells were passaged in 75-cm 2 cell culture flasks at 37 • C in a 100% humidified atmosphere of 5% CO 2 -95% air, plated in 6-well plates when 80% confluent, and used in the experiments described below when confluent. Human dermal microvascular endothelial cells 19 (HMEC-1, ATCC) were grown in MCDB131 medium with 10% FBS, 2.5 mM L-glutamine, 10 ng/mL epidermal growth factor, 1 μg/mL hydrocortisone, 100 μg/mL G418, and antibiotics (Invitrogen).
FIGURE 2.
Isoflurane protects against apoptosis after intestinal IRI. Representative fluorescence photomicrographs (of 4 experiments, magnifications of 200X) illustrating apoptotic nuclei (TUNEL fluorescence staining, green) in the ilea of shamoperated mice exposed to pentobarbital (A) and mice exposed to 4 hours of pentobarbital (B) or 1.2% isoflurane (C) after intestinal IRI. (D) Apoptotic cells per hpf were quantified in the jejunum and ileum of mice after intestinal IRI with exposure to pentobarbital or isoflurane. Tissues were collected 5 hours after intestinal IRI. * P < 0.05 versus pentobarbital IRI group. Data presented as mean ± SEM.
Induction of Endothelial Inflammation In Vitro
To test the effects of isoflurane on the inflammatory response in vitro, HMEC-1 cells were treated with vehicle or TNF-α (10 ng/mL) 30 minutes before exposure to isoflurane in an airtight 37 • C humidified modular incubator chamber connected to an inline agent-specific calibrated vaporizer (Datex-Ohmeda, Madison, WI) to deliver isoflurane (2.5% or 2 MAC) mixed with 95% air-5% CO 2 (carrier gas) at 10 L/min, as described previously. 7 Exposure to isoflurane lasted 16 hours. Control cells were exposed to carrier gas in a modular incubator chamber.
Induction of IEC-6 Cell Necrosis and Measurement of Cell Viability With Lactate Dehydrogenase
After exposure to carrier gas or isoflurane 2.5% for 5 hours, necrotic injury in IEC-6 cells was induced with exposure to 500 μM H 2 O 2 for 4 hours. Lactate dehydrogenase (LDH) released into cell culture media was measured as described. 20
TGF-β1 Enzyme-Linked Immunosorbent Assay
To test whether isoflurane anesthesia selectively increases TGF-β1, mice were anesthetized for 4 hours with pentobarbital or isoflurane (without operation) and small intestinal and plasma TGF-β1 levels were measured using an ELISA (enzyme-linked immunosorbent assay) kit from Promega (Madison, WI) with appropriate acidification of samples for activation of latent TGF-β1. We also exposed IEC-6 cells to carrier gas or to isoflurane (2.5%) for 5 hours and measured TGF-β1 formed in the media as described previously.
Statistical Analysis
The data were analyzed with a two-tailed Student t test when comparing means between 2 groups. One-way ANOVA (analysis of variance) plus Tukey's post hoc multiple comparison test was used when comparing multiple groups. The ordinal values of the Chiu scores and renal injury scores were analyzed by the Mann-Whitney nonparametric test. In all cases, a probability statistic less than 0.05 was taken to indicate significance. All data are expressed throughout the text as means ± SEM.
RESULTS
Isoflurane Reduces Small Intestinal Mucosal Injury After IRI
As previously demonstrated, in our model there were no significant differences in systemic hemodynamics between mice exposed to pentobarbital or isoflurane. 21 In Figure 1 , we demonstrate the protective effects of isoflurane anesthesia in the small intestine. There were no differences in the normal histology of sham-operated mice exposed to pentobarbital ( Fig. 1A , representative of 4 experiments) and isoflurane (data not shown). Intestinal IRI and 4 hours of pentobarbital exposure led to severe damage to the intestinal mucosa with sloughing of the villous tips ( Fig. 1B , ileum shown) and lifting of the epithelium from the lamina propria and the development of subepithelial Gruenhagen's spaces (Fig. 1C , ileum shown). In contrast, the ilea of mice exposed to 4 hours of isoflurane after intestinal IRI were protected from severe injury (Fig. 1D ). The Chiu scoring system was used to grade intestinal mucosal injury after intestinal IRI. 12 Compared with pentobarbital-exposed mice, mice exposed to isoflurane after intestinal IRI had a significant reduction in the Chiu score in the ileum (Fig. 1E ). In the jejunum, there were no differences in the Chiu scores between mice exposed to pentobarbital or isoflurane after intestinal IRI.
Isoflurane Reduces Small Intestinal Apoptosis After IRI
Compared with sham-operated mice ( Fig. 2A , representative of 4 experiments), mice exposed to pentobarbital after intestinal IRI showed many TUNEL-positive cells in the distal tips of villi in the small intestine ( Fig. 2B , ileum shown). In contrast, there was a reduction in TUNEL-positive cells in the ileum of mice exposed to isoflurane after intestinal IRI (Fig. 2C ). Quantification of apoptotic cells revealed that compared with pentobarbital exposure after intestinal IRI, isoflurane exposure reduced the number of apoptotic cells in the ileum, with no reduction of apoptotic cells in the jejunum (Fig. 2D ).
Isoflurane Reduces Small Intestinal Neutrophil Infiltration After IRI
In contrast to sham-operated mice (Fig. 3A , representative of 4 experiments), pentobarbital exposure after intestinal IRI led to increased numbers of neutrophils in the small intestine ( Fig. 3B , arrows highlight areas of neutrophil infiltration, ileum shown). However, with isoflurane exposure after intestinal IRI, there was a reduction in neutrophil infiltration in the ileum (Fig. 3C) . The protective effects of isoflurane were not uniform throughout the small intestine, as isoflurane exposure significantly reduced neutrophil infiltration in the ileum, but not jejunum, after intestinal IRI (Fig. 3D ).
Isoflurane Reduces Small Intestinal Proinflammatory mRNA Expression After IRI
Four hours of pentobarbital exposure after intestinal IRI led to increased mRNA expressions of the proinflammatory markers ICAM-1, MCP-1, MIP-2, IL-17A, and TNF-α in the ileum compared with sham-operated mice (Fig. 4, representative of 4 experiments) . With isoflurane exposure after IRI, there were significant reductions in the mRNA expressions of ICAM-1 and MCP-1 in the ileum compared with pentobarbital exposure, with no change in the mRNA expressions of MIP-2, IL-17A, or TNF-α ( Fig. 4 ).
Isoflurane Decreases Small Intestinal Vascular Permeability After Intestinal IRI
Pentobarbital exposure after intestinal IRI caused significant increases in vascular permeability as measured by increased EBD content 22 in the jejunum and ileum compared with sham-operated mice (Fig. 5 ). With isoflurane exposure after intestinal IRI, vascular permeability was significantly decreased in the ileum, but not in the jejunum. 
Isoflurane Does Not Reduce Small Intestinal Epithelial Permeability After IRI
Compared with sham-operated mice (serum FITC-dextran 9.7 ± 3.4 μg/mL, N = 4), mice exposed to pentobarbital after intestinal IRI had increased intestinal permeability (serum FITC-dextran 351.9 ± 74.3 μg/mL, N = 6, P < 0.05 vs sham-operated group). With isoflurane exposure after intestinal IRI (serum FITC-dextran 371.0 ± 70.7 μg/mL, N = 6, P = 0.86), intestinal permeability was not different from mice exposed to pentobarbital after IRI.
Isoflurane Does Not Reduce Intestinal Epithelial Cell Necrosis
In addition, we exposed IEC-6 cells to carrier gas or isoflurane 2.5% for 5 hours before treatment with 500 μM H 2 O 2 . Lactate dehydrogenase release in cells exposed to carrier gas (% LDH Released = 20.3 ± 4.3, N = 6) and isoflurane (% LDH Released = 24.5 ± 5.3, N = 6, P = 0.55) were not significantly different.
Isoflurane Protects Against Acute Hepatic and Renal Injury After Intestinal IRI in Mice
Five hours after intestinal IRI, mice exposed to pentobarbital anesthesia developed significant hepatic and renal dysfunction as indicated by a rise in plasma ALT ( Fig. 6A ) and creatinine ( Fig. 7A ) levels above sham values. Isoflurane exposure after intestinal IRI protected both hepatic and renal function as evidenced by a significant decline in plasma ALT (Fig. 6A ) and creatinine (Fig. 7A) levels. In the liver, intestinal IRI with pentobarbital exposure resulted in significant vacuolization that was concentrated in perivascular (portal) areas (Fig. 6B , left panels, arrows denote portal area) compared with sham-operated mice (see supplemental Fig. 1 , Supplemental Digital Content at: http://links.lww.com/SLA/A202). With isoflurane exposure after intestinal IRI, there were significant decreases in vacuolization in the liver (Fig. 6B, right panels; Fig. 6C ). In the kidney, pentobarbital exposure after intestinal IRI led to increased proximal tubular simplification (Fig. 7B, asterisks) , proximal tubular hypereosinophilia/single cell necrosis (Fig. 7D, arrows) , and vacuolization ( Fig. 7F ) and peritubular leukocyte infiltration compared with shamoperated mice (see supplemental Fig. 2 , Supplemental Digital Content at: http://links.lww.com/SLA/A204). Isoflurane exposure after intestinal IRI led to reductions in these markers of injury (Figs. 7C, E, G) as reflected in a significant reduction in total renal injury scores (Fig. 7H ). , and mice exposed to 1.2% isoflurane after IRI (right panels). Arrows indicate portal area. (C) Percent (%) vacuolization scores in the livers of mice exposed to pentobarbital or 1.2% isoflurane after intestinal IRI. #P < 0.05 versus pentobarbital sham mice. * P < 0.05 versus pentobarbital IRI group. Data presented as mean ± SEM.
Isoflurane's Effects on Proinflammatory mRNA Expression, Apoptosis, and Vascular Permeability in the Kidney and Liver After Intestinal IRI
Compared with sham-operated mice, mice exposed to pentobarbital after intestinal IRI had increased mRNA expressions of TNF-α and MCP-1 in the liver and TNF-α and ICAM-1 in the kidney. With isoflurane exposure after intestinal IRI, there were no significant differences in these mRNA expressions. In addition, we did not find evidence of increased apoptosis (as measured by morphology on H&E and TUNEL-staining) in the kidneys and livers of mice after exposure to pentobarbital or isoflurane after intestinal IRI compared with sham-operated mice. Vascular permeability in the liver as measured by EBD extraction did not differ between sham-operated mice and mice exposed to pentobarbital or isoflurane after intestinal IRI.
In the kidney, however, compared to sham-operated mice exposed to pentobarbital (EBD = 40.7 ± 0.7 μg EBD/g dry tissue, N = 3) or isoflurane (EBD = 36.5 ± 5.4 μg EBD/g dry tissue, N = 3), there was an increase in EBD extraction with pentobarbital exposure after intestinal IRI (EBD = 141.5 ± 25.6 μg EBD/g dry tissue, N = 5, P < 0.05 vs both sham groups). Isoflurane exposure after intestinal IRI led to a ∼50% reduction in EBD in the kidney (EBD = 65.2 ± 9.8 μg EBD/g dry tissue, N = 5, P < 0.05 vs pentobarbital intestinal IRI).
The Protective Effects of Isoflurane Are Mediated via TGF-β1
To evaluate the role of TGF-β1 in mediating the protective effects of isoflurane after intestinal IRI, we treated some animals Isoflurane reduces kidney injury after intestinal IRI. (A) Plasma creatinine (Cr, mg/dL) was measured in mice exposed to 4 hours of pentobarbital or 1.2% isoflurane after sham operation (N = 4 for each group) or intestinal IRI (N = 8 for each group). Representative photomicrographs of kidney from 4 experiments (H&E staining, magnifications of 200X, 400X, or 600X as indicated) of mice exposed to pentobarbital after intestinal IRI highlighting tubular simplification (B, asterisks), hypereosinophilia (D, arrows), and vacuolization (F). Mice exposed to 1.2% isoflurane after IRI had significant reductions in these injuries (C, E, and G). with an isotype control (IgG 1 ) antibody or a TGF-β1 neutralizing antibody before induction of intestinal IRI. Similar to our previous findings, mice treated with IgG 1 (Fig. 8A) or TGF-β1 neutralizing antibody (Fig. 8C ) before intestinal IRI with pentobarbital exposure developed severe intestinal mucosal injury with sloughing of the villous tips in the ileum. Isoflurane exposure led to preservation of ileal mucosa in mice treated with IgG 1 (Fig. 8B) but not TGF-β1 neutralizing antibody (Fig. 8D ) before intestinal IRI, indicating that the protective effects of isoflurane after intestinal IRI were mediated via induction of TGF-β1. To further confirm the importance of TGF-β1 in isofluranemediated protection, we assessed apoptosis in mice treated with IgG 1 or TGF-β1 neutralizing antibody. Mice treated with IgG 1 (Fig. 8E ) or TGF-β1 neutralizing antibody (Fig. 8G ) before intestinal IRI with pentobarbital exposure showed many TUNEL-positive cells in the distal villous tips in the ileum. Isoflurane exposure led to a reduction in TUNEL-positive cells in mice treated with IgG 1 (Fig. 8F) but not TGF-β1 neutralizing antibody (Fig. 8H ).
The IgG 1 or TGF-β1 neutralizing antibodies had no effects on hepatic (Fig. 8I) or renal (Fig. 8J ) function in sham-operated mice. Mice treated with IgG 1 or TGF-β1 neutralizing antibody and exposed to pentobarbital after intestinal IRI developed significant hepatic (Fig.  8I) and renal (Fig. 8J ) dysfunction 5 hours after IRI. Isoflurane exposure protected mice treated with IgG 1 antibody before intestinal IRI but failed to protect mice treated with TGF-β1 neutralizing antibody (Figs. 8I-J).
Isoflurane Induces TGF-β1 in Mouse Intestine and Plasma
Isoflurane anesthesia increased TGF-β1 levels in both the plasma (Fig. 9A ) and small intestine ( Fig. 9B ) of sham mice compared with mice anesthetized with pentobarbital. In IEC-6 cells, isoflurane exposure increased TGF-β1 levels compared with carrier gas exposure ( Fig. 9C ).
Isoflurane Exposure Decreases Proinflammatory mRNA Expression in HMEC-1 Cells
As isoflurane exposure reduced small intestinal vascular permeability in mice after intestinal IRI, we wanted to test the protective effects of isoflurane in a model of inflammation in cultured microvascular endothelial cells. There was increased expression of proinflammatory mRNAs (IL-8 and TNF-α) in HMEC-1 cells exposed to carrier gas after TNF-α treatment compared with vehicle-treated cells FIGURE 9. Isoflurane increases transforming growth factor (TGF)-β1 levels in plasma and intestine. Mice were exposed to 4 hours of pentobarbital or 1.2% isoflurane and TGF-β1 levels were measured in the plasma (A) and intestine (B) using ELISA, with appropriate acidification of samples for activation of latent TGF-β1. N = 4 per group. (C) TGF-β1 levels were measured in cultured rat IEC-6 after exposure to 5 hours of carrier gas or 2.5% isoflurane. N = 6 per group. * P < 0.05 versus pentobarbital or carrier gas group. Data presented as mean ± SEM.
( Fig. 10) . With isoflurane exposure after TNF-α treatment, there was a significant reduction in proinflammatory mRNA expression.
DISCUSSION
The major findings of this study are that a clinically relevant concentration of isoflurane (1 MAC), administered after intestinal IRI, reduced intestinal injury and decreased inflammation and apoptosis while improving vascular permeability. In addition, isoflurane led to an improvement in multiorgan dysfunction in both the liver and kidneys after intestinal IRI. These effects of isoflurane were mediated by the TGF-β1 pathway as isoflurane failed to protect mice treated with a TGF-β1 neutralizing antibody before intestinal IRI. Moreover, isoflurane exposure led to higher TGF-β1 levels in the small intestinal epithelia and plasma of mice.
Intestinal IRI is a serious clinical problem in the perioperative period and settings such as intestinal 4 or liver transplantation 3 require an obligate period of intestinal ischemia that is an important determinant of short-and long-term outcomes. Furthermore, acute mesenteric ischemia is associated with an exceedingly high mortality rate despite surgical intervention. 5 The ischemia and reperfusion phases have distinct pathophysiological features with the majority of mucosal injury occurring during the reperfusion phase, 23 and gut-derived factors play an important role in mediating the systemic inflammatory state and multiorgan dysfunction in settings such as trauma and shock. 24 Therefore, once an ischemic event has been identified, strategies to diminish the cascade of events leading to intestinal and multiorgan injury during the reperfusion phase may help to improve morbidity and mortality.
The direct role of volatile anesthetics in intestinal IRI has not been previously established. We demonstrate that exposure to isoflurane during the reperfusion phase of intestinal IRI (isoflurane post-conditioning) reduced mucosal injury in the small intestine as well as apoptosis, neutrophil infiltration, and vascular permeability. Interestingly, these markers of injury after IRI were generally worse in the ileum compared with the jejunum, and isoflurane exposure was protective only in the ileum, but not jejunum, 5 hours after IRI. Although the SMA provides the main blood supply for both the jejunum and ileum, it is possible that collateral flow, such as from the celiac axis, could supply areas such as the proximal jejunum while the ileum was more dependent on SMA blood flow, resulting in greater injury. Indeed, a previous study found that the degree of ischemic injury varied by intestinal segment in a murine model of SMA occlusion, with the greatest damage found in the distal jejunum and proximal ileum. 25 We sampled tissue from the proximal areas of the jejunum and ileum, which is consistent with our findings of greater injury in the proximal ileum than in the proximal jejunum. We measured proinflammatory mRNA expression in the ileum after intestinal IRI and found that isoflurane reduced the expressions of ICAM-1 and MCP-1 but not of TNF-α, IL-17A, or MIP-2. ICAM-1 is an important mediator of neutrophil transendothelial migration 26 and MCP-1 acts as a chemoattractant for monocytes and lymphocytes to areas of injury. 27 This indicates that isoflurane modulates the inflammatory response in IRI through these leukocyte-specific pathways and may be the reason why other markers of tissue injury and inflammation, such as TNF-α, did not change.
Microvascular injury leading to end-organ hypoperfusion is a prominent feature of intestinal IRI resulting in vascular injury not only in the intestines but also in the lungs, 28 liver, 29 and kidneys. 30 We confirmed that intestinal IRI caused microvascular injury in the small intestine. However, isoflurane exposure led to a significant reduction in vascular permeability and proinflammatory mRNA induction in the ileum, suggesting that isoflurane may have protective effects on the endothelium. It is difficult to isolate the effects of isoflurane on specific cell types when analyzing whole tissue (RT-PCR), so we used a model of TNF-α-induced inflammation in HMEC-1 cells and found that isoflurane reduced proinflammatory mRNA expression in these cells, further confirming the protective effects of isoflurane on the microvasculature. Anesthetics have differential effects on the mesenteric microcirculation after hemorrhage 31 and isoflurane-improved end-organ perfusion after hemorrhagic shock compared to ketaminebased intravenous anesthesia. 32 Anesthetics may cause hemodynamic changes and regional disturbances in blood flow. However, we previously demonstrated that compared to pentobarbital isoflurane did not significantly alter systemic hemodynamics. 21 There was no evidence of direct protective effects of volatile anesthetics on intestinal epithelial cells, as isoflurane failed to reduce intestinal epithelial permeability after IRI in vivo and rat IEC-6 cells were not protected by isoflurane against H 2 O 2induced cell necrosis in vitro. After IRI, the greatest injury, and the greatest protection with isoflurane exposure, occurred in the distal villous tips (histopathology, apoptosis, neutrophil infiltration). Intestinal epithelial cells-6 are derived from intestinal crypts 18 and may not represent the population that is protected by isoflurane. Taken together, these results imply that isoflurane protected the intestine through indirect means, such as better preservation of intestinal blood flow and oxygenation, rather than through direct cytoprotection of epithelial cells.
Previous studies demonstrate differential protective effects among volatile anesthetics in a model of renal IRI 8 or myocardial ischemia, 33 suggesting that different cellular mechanisms may be involved. Isoflurane, but not halothane, improved mesenteric blood flow after esophageal ileocoloplasty in humans 34 and isoflurane-improved tissue oxygenation after colonic resection and anastomosis compared to desflurane. 35 Volatile anesthetics are lipophilic molecules, 36 and differences in lipid solubility may play a role in their differential effects in IRI. 8 Further studies are needed to determine the effects of other volatile anesthetics in intestinal IRI. Anesthetic toxicity is a potential concern including nephrotoxicity and hepatotoxicity. However, isoflurane is minimally metabolized and has not been shown to have significant nephrotoxicity 37 or hepatotoxicty. 38 TGF-β1 is an important regulator of wound healing, immunity, and inflammation. 39 TGF-β1 was protective in a model of stroke 40 and in myocardial IRI, TGF-β1 reduced inflammatory injury to the endothelium, 41 whereas a deficiency of TGF-β1 rendered mice more vulnerable to renal IRI. 42 TGF-β1 administration after intestinal ischemia preserved mesenteric blood flow, despite reduced mean arterial pressures, by reducing splanchnic vascular resistance via release of nitric oxide. 43 We also previously demonstrated that volatile anesthetics increased release of TGF-β1, which was protective in renal proximal tubules in vitro 9 and in renal IRI in vivo. 10 Given this knowledge, we tested whether there was a role for TGF-β1 in mediating the protective effects of isoflurane after intestinal IRI. We found that injection of a TGF-β1 neutralizing antibody before intestinal IRI reversed the protection that was mediated by isoflurane. Taken together, we theorize that isoflurane may mediate protection against intestinal IRI through release of TGF-β1. The precise cause-and-effect relationship between isoflurane and TGF-β1 in intestinal IRI will need to be explored in future studies.
Intestinal IRI not only leads to injury in the intestine itself but also affects distant organs such as the liver, kidney, and lungs. 6, 28 In our study, isoflurane reduced injury to both the liver and kidneys after intestinal IRI as evidenced by improved histological findings (vacuolization in the liver, renal injury scores) and markers of organ function (plasma ALT and creatinine levels). Isoflurane reduced markers of inflammation (RT-PCR) and apoptosis (TUNEL) in the intestine, but we did not find a reduction in these markers in the liver or kidney after intestinal IRI. On the basis of this evidence, we postulate that isoflurane does not protect the liver and kidneys directly after intestinal IRI. Rather, isoflurane, via release of TGF-β1, reduces the production and release of cytokines, free radicals, and other inflammatory mediators in the small intestine, thereby reducing the systemic inflammatory effects in distant organs such as the liver and kidney. There may be some concern about the effects of volatile anesthetics on hepatic blood flow as desflurane, but not isoflurane, was found to reduce total hepatic blood flow in dogs. 44 However, in the liver, we found that although pentobarbital led to significant tissue injury adjacent to the vascular areas (portal vein), isoflurane reduced injury in these areas, suggesting that isoflurane exposure improved hepatic blood flow or reduced proinflammatory mediator release into the liver from the small intestine, or a combination of both.
As volatile anesthetics are delivered systemically, it is difficult to determine in an in vivo study whether they mediate their protective effects directly on the intestine or via systemic effects such as modulation of leukocyte migration and infiltration. On the basis of the available evidence, it is likely that isoflurane has a multitude of effects, including both direct cytoprotective effects in the intestine with activation of prosurvival signaling pathways, and systemic antiinflammatory mechanisms including peripheral lymphopenia and reduction of proinflammatory cytokines.
In conclusion, we demonstrated that isoflurane induces TGF-β1 signaling in the small intestine to reduce intestinal mucosal injury, apoptosis, neutrophil infiltration, and endothelial injury after intestinal IRI, and damage to the liver and kidneys. Further elucidation of the mechanisms of protection may lead to advancements in the treatment of intestinal and multiorgan dysfunction after intestinal IRI.
